Hybridization is a key mechanism for increased diversification and speciation among modern plants, and is especially important in certain families such as Rosaceae and
Canada and eastern Washington, USA (Johnson 1996; Wing and DiMichele 1996; Greenwood et al. this issue) . During a time when coeval coastal floras were dominated by taxa indicative of continuous high temperatures and abundant rainfall ("megathermal" conditions, e. g., Breedlovestout et al. 2013 ) the higher elevation Okanagan floras document the radiation of several important present day temperate groups such as Betulaceae (Crane and Stockey 1986; Pigg et al. 2003) , Rosaceae (Wehr and Hopkins 1994; DeVore et al. 2004; DeVore and Pigg 2007; Benedict et al. 2011) , Pinaceae (Schorn and Wehr 1996) and Sapindaceae (Wolfe and Tanai 1987; McClain and Manchester 2001; Wang et al. 2013) , among others (Wolfe and Wehr 1987, 1991) . As such, they have the potential to provide some insights regarding the acquisition of traits present in dominant species that today define the character of Northern Hemisphere deciduous forests.
Understanding the dispersal and radiation of plants into new habitats, whether they are high altitude, or high latitude depends on our ability to recognize the occurrence of certain anatomical and morphological features in the fossil record. Previously, we documented the presence of heteromorphic growth of Zizyphoides Seward and Conway leaves at the Republic, WA site, as evidenced by their long-shoot and short-shoot morphological differences (DeVore and Pigg 2013) . Fossil leaves that have been difficult to delineate systematically appear to compare closely to extant dimorphic leaves such as those known to occur in Populus L. (Salicaceae, Eckenwalder 1980) , and the Asian genus Cercidiphyllum Sieb & Zucc.
(Cercidiphyllaceae, Krassilov 2010). Plants with long shoot/short shoot branching have preformed leaves that overwinter in the buds on short shoots and become immediately available for photosynthesis upon bud break, while long shoot leaves later fill out the canopy (DeVore and D r a f t Pigg 2013) . This type of heterophylly is apparently a mechanism that maximizes the opportunity for photosynthesis early in the spring in plants with certain types of dormancy.
In a similar manner, diverse and distinct patterns of leaf morphology seen in radiating hybrid and polyploid complexes in modern Rosaceae, and Anacardiaceae are recognizable in the fossil floras of the Okanagan Highlands, particularly at the well collected sites of Republic, Washington. In fact, researchers working on the leaves at Republic noticed early on that there were complexes of leaves with unusual morphologies that were difficult to study systematically (e.g., Manchester 1999).
`
In this paper we explore the variability seen in these leaves with unusual morphologies that show features characteristic of hybrids. In particular, we document leaves resembling Sorbus L. and others assignable to Rhus L. that show a range of morphologies consistent with those of modern hybrids in these genera. We show that both changes in leaf shape, particularly transitions between entire and pinnately compound leaf morphology, and distinctive venation patterns that are known in modern hybrid complexes occur among large collections of compressed fossil leaves from Republic. Using modern examples of Sorbus and Rhus as models, we explore the possibility that hybridization was an important process in the latest early Eocene as it is in disturbed habitats and newly opened habitats today.
Material and methods
Fossils are described from lacustrine shales that occur at sites in and around the town of 
Protocol
To investigate hybridization among fossil leaves from Republic we propose establishing a protocol for evaluating sets of variable leaf types. The components of this model are as follows: 1) There must be a morphological set of features that are homologous to both the extant and fossil taxa; 2) It is necessary to demonstrate that the morphological character is not linked with other phenomena such as long shoot-short shoot relationships or sucker shoots; 3) The proposed fossil hybrid must be assignable to an extant taxon; and 4) There must be a region where the extant taxon linked with the fossil taxon are actively forming a hybrid complex.
In order to test this hypothesis of hybridization in Republic plants we chose the genus Sorbus (Rowan), a member of the Rosaceae. This genus was selected as a model since its leaf architecture is well known as a result of a detailed analysis of modern taxa with hybrids (Merrill 1978) . We applied our criteria described above to a collection of more than 90 maloid Republic leaves representing a complex of taxa with potential affinities to Sorbus.
As a proof of concept, we wanted to test our protocols on another taxon. We examined 85
fossil Rhus leaves from the collection housed at Stonerose Interpretive Center, Republic, Washington. Rhus also has pinnately compound leaves and hybrids have a tendency to have variant leaf morphology, in some cases, fusion of the upper three leaflets.
D r a f t

Results
Sorbus-like leaves from Republic each show the unusual gradational compound-topinnate-to-entire leaf morphology found in modern hybrid Sorbus (Fig. 1A-F ) . Figure 1A shows the modern species Sorbus aucuparia L. ("Scottish Rowan") from the Glencoe, Scotland area (Nelson-Jones et al. 2002; Chester et al. 2007; Pellicer et al. 2012; Ludwig et al. 2013 ). Figure 1E is from the hybrid variety Sorbus x thringiaca (Ilse) Fritsch. Like modern hybrid Sorbus species, in the fossils (Fig. 1C, D) , there is an apparent cross between a pinnate parental species ( Fig. 1B) and an entire-leafed form (Fig. 1F) . As is the case with modern Sorbus, these fossil forms show the classic pattern of complex morphological variation where several taxa hybridize and continue to backcross with one another (introgression).
Leaves also show a classic pattern of venation disorganization as described by Merrill (1978) for modern hybrid forms ( Fig. 2A-F ). In particular, the termination of veins at the margin is highly irregular. Using Merrill's (1978) terminology (lower, compound leafed portion = rachis; upper apical blade = primary vein), the apical blade has simple, craspedodromous venation ( Fig. 2A, B) . At the base of the apical blade there are often intersecondaries. In some cases, the intersecondaries may divide and branch beneath the sinus and from a characteristic bracing vein pair around the sinus ( Fig. 2A, B) . In other cases intersecondaries share a point of origin with a secondary vein, a pattern of intersecondaries that also occurs in leaflets of extant Sorbus aucuparia in leaves produced by sucker shoots.
Another phenomenon seen in extant Sorbus leaves is a difference between leaves in the crown of the plant and those produced by the plant's sucker shoots (Fig. 3A , B). Leaves borne by sucker shoots are notably larger than crown leaves, in this case around 7.5% so. Sucker shoots in
S. aucuparia for example, are pinnafid, that is mostly fused toward the apex but only slightly so (Fig. 3A) . In contrast to the crown leaves which bear only small, unpronounced teeth ( Fig. 3B ), sucker shoot leaves have highly serrate margins (Fig. 3A) . Sucker shoots, in contrast to the hybrid leaves described above, have regular, and not disorganized venation. We recognize fossil
Sorbus-like leaves with a similar morphology to these modern sucker shoots ( Fig. 3C -E).
We also looked at leaves of Rhus that show a range of variation ( Fig. 4A -G). Here we find mainly pinnately-leafed species, however, they have an unusual degree of fusion towards the top portion of the leaves on some specimens (Fig. 4B, D) . Figure 4B shows a compound leaf with upper leaflets that are fused and approaching a trifoliate morphology, whereas Fig. 4F shows two fused leaflets. Also notable on this specimen is the amount of vein disruption which provides additional support for a hybrid origin ( 
Discussion
The presence of features associated with hybridization in fossil leaves from Republic
Sorbus
In order to consider the possibility that leaves with unusual morphologies at Republic might be hybrids, we chose two readily identifiable genera known to hybridize today. Sorbus sensu lato is one of two distinct species groups that contain members with pinnately compound leaves within the traditional subfamily of Rosaceae Maloideae (Robertson et al. 1992 (Hickey 1971 (Hickey , 1977 to assess regularity of leaf organization. Merrill also looked at the overall morphology of the leaves themselves.
We see patterns similar to those of extant hybrid Sorbus leaves (Nelson-Jones et al. 2002; Chester et al. 2007; Pellicer et al. 2012; Ludwig et al. 2013 ) in the Republic Sorbus-like specimens, both in terms of a gradational compound-to-pinnate-to-entire leaf morphology, and in the types of vein disorganization described by Merrill (1974) . Based on these similarities we conclude that there is good evidence for hybridization within the Republic Sorbus-like complex.
Further detailed analysis and its systematic implications will be explored further in another contribution.
Another distinct morphology that occurs in Sorbus is that of its sucker shoots (Fig. 3A-D ). Unlike hybrid leaves, leaflets of plants produced by sucker shoots have regular, rather than disrupted venation. However, sometimes sucker shoot leaves show a degree of fusion of the terminal leaflets (Fig 3) . We can recognize sucker shoot leaves of Sorbus-like plants in the fossil record by these traits (Fig. 3 ).
D r a f t
This surculose, or sucker-producing habit, in Sorbus and other maloid genera, is frequently paired with the reproductive mode of agamospermy, or the production of fruits without sexual reproduction (Robertson 1992) . The combination of these vegetative and reproductive mechanisms provides some stability of maintaining the great range of genetic novelty in introgressive taxa. Agamospermy, and the production of suckers, along with the generation of shoots from a bud at the base of a trunk or via adventitious root buds enables the expansion of a novel, adapted form, rapidly into a new, favorable, habitat.
What is interesting with some of these maloid taxa, like Sorbus, is that the sucker shoots have distinct, toothed leaves. The ability of sucker leaves to be more efficient photosynthesizers, is an avenue worth exploring in future work. A sucker, being much smaller than the parental shoot, would have to compete with a parent. The presence, and the ability of sucker shoots, with their definitively toothed leaves, could provide a more efficient leaf form for photosynthesis than those produced by the parental plant (e.g., Royer and Wilf 2006) .
Rhus
The second genus we considered was Rhus. As a result, the wide array of Rhus specimens available to us clearly represent multiple species, many appearing to having morphologies suggestive of hybrid forms.
The Republic flora was in an active, tectonic region of western North America and the complexity of habitats would have been the ideal situation for not just hybridization, but also agamospermy (producing seeds without fertilization) and vegetative reproduction via suckering.
In regards to subfamily Maloideae, Robertson et al. (1991 Robertson et al. ( , 1992 proposed lineages the model of polychotomous model of alloploid gene pool evolution within subfamily Maloideae, in which continuing crossing and backcrossing through geologic time produces separate subfamilies (Potter et al. 2007 ).
Comparing distribution patterns of modern Sorbus and other related taxa in regions where they are actively hybridizing and reproducing agamospermously, provides evidence of a biotic mechanism for taxa dispersing not as single entities, but as linked sets of species. This changes the way we model the response of some plant groups to climate change and other anthropogenic factors. The scope of the present contribution is one of proof of concept. We offer it with the intention that plant paleobiologists can apply this approach to documenting the patterns of leaf anatomy and morphology in other plant groups. Although we have no way to definitively identify a hybrid without direct genetic evidence, the patterns elucidated in this paper provide Combined with these differing fates of buds on the same tree is dormancy during periods of unfavorable growth. All of these various fates are triggered, at least to some degree, by an environmental signal linked with seasonality. Although growth form is an obvious means of pinpointing such a change, the ability to respond in such a manner also has to be linked with the plants' evolutionary mechanisms. Traditionally, the two evolutionary processes often invoked to explain radiations of plants are hybridization and polyploidy (Stebbins 1966; Grant 1981) .
In the Okanagan Highlands, the family best known for using these evolutionary mechanisms is the Rosaceae. Thus, the presence of diverse fossil Rosaceae in the Okanagan 
Conclusions
The fossil record can provide some useful clues to evolutionary processes in plants despite the fact that we cannot count chromosomes directly from a fossil or turn to molecular presence of intermediate, difficult-to-identify morphologies has been regarded more as a taxonomic nightmare than as an opportunity to understand the mechanisms that produce these patterns. Some questions can only be addressed with large samples that reflect the range of variation present, and we now have the large collections of leaves from Republic that provide the opportunity to address the role of such mechanisms as hybridization.
In using the fossil record to trace the dispersal of taxa we model, we tend to think of their D r a f t 14 existence as isolated units (e.g., species) with individual distributional histories. In the case of Sorbus, agamospermy, hybridization, and polyploidy generate a species complex as the dispersal unit as opposed to single, definable, distinct species. In this light, the concept of how we determine taxonomic units and model their dispersal in deep time needs to be considered carefully. Histories of species may be linked by speciation mechanisms, and these combinations of species mechanisms provide a range of variation necessary to invade new habitats. Mallet Today European species of Sorbus have greatest diversity in the Czech Republic, Hungary, Great Britain and Germany (Phipps et al. 1990; Aldasoro et al. 1998; Bednorz 2006 hybridization as a mechanism that produces a recognizable footprint today can be seen in the array of morphologies we see in the Republic flora. This is the case in several notable families, such as Rosaceae and Anacardiaceae, where hybridization is still a major process today.
Asymmetrical characters and applications for future studies
All of the characters we describe for putative hybrid leaves of Anacardiaceae and Rosaceae are ones demonstrating asymmetry, whether at the level of asymmetric laminar division of compound leaves or within patterns of leaf venation. Both of these kinds of asymmetrical characters show developmental instability, and have been documented clearly as being linked to hybridization in extant, woody genera (e.g. Hochwender and Fritz, 1999; Wilsey et al., 1998) .
This recognition suggests that if we wish to document the occurrence of hybridization in the fossil record, instead of looking for additive features leaves from a contemporaneously deposited layer, we should focus on asymmetrical characters that represent non-random, nondirectional deviations from symmetry, a phenomenon known as fluctuating asymmetry (FA). FA has been linked with both environmental stress and genetic irregularities. On the one hand, environmental stresses associated with both high elevation and hybridization have been implicated (Wilsey et al. 1998 
